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Abstract: 
The Taxus cell cultures primarily used in the Roberts laboratory are twenty-five years old 
and have limited production of the specialized metabolite, paclitaxel, approved for the treatment 
of a variety of cancers, presumably due to high levels of global DNA methylation. This project 
focuses on initiation of new cell cultures for comparison to the old cultures and examines the 
relationship between the culture’s global DNA methylation and paclitaxel production levels to 
culture age. In addition, experiments were designed to use a demethylating agent, 5-azacytidine, 
to understand its effect on global DNA methylation and paclitaxel production. It was proven that 
media 2 and 4 resulted in the highest calli initiation percentage from Taxus needles, and media 1 
and T were optimal for maintenance. 
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Chapter 1: Introduction 
Epigenetics History 
The term epigenetics was first described by a biologist name Conrad Waddington in 1942 
as a way to connect biology and genetics
1
. Scientists began to observe phenotypes that could not 
be explained by genetics alone. Since the concept of epigenetics was brand new, it was difficult 
to describe. The definition began broadly as the sum of all mechanisms necessary for the 
unfolding of genetic program for development
2
. As more scientists began to research and 
understand the concept of epigenetics, there became more concrete ways to describe it. By the 
mid 1980’s, there was an overall consensus that there existed new type of inheritance that was 
not based on changes in DNA sequences. In 1987, a paper was published by Robin Holliday that 
some consider to be the “critical paper that lit the fuse for the explosion in the use of 
‘epigenetics’ in the 1990’s3.” In his paper “The Inheritance of Epigenetic Defects”, he discussed 
DNA methylation as a form of epigenetic modification that can affect gene expression
4
. 
 
Types of Epigenetic Modifications 
Since Holliday's paper, other forms of epigenetic modifications have been identified and 
studied. The following section highlights the major forms of epigenetic modifications in the 
genetics field. 
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Histone Modification 
Histones are quaternary structured proteins that contain eight subunits that together are 
coiled by DNA to reduce storage space needed in the cellular nucleus. Histones also regulate 
gene expression by only allowing certain sections of the DNA to be uncoiled and available for 
translation at a time
5
. The attachment and release of the histone is dictated through modifications 
to its structure to complement certain DNA sequences. The major modifications occur on 
external subunits H3 and H4 that both contain peptide tails that primarily interact with the DNA 
strand
6
. There are five major pathways in the modification of histones in the combination with 
DNA to form and separate nucleosomes: histone methylation, acetylation, phosphorylation, 
ubiquitylation, and sumoylation
7
. The following paragraphs will briefly highlight each of these 
histone modifications. 
Methylation targets the lysine residues found in the tail of the histone proteins for 
modification. The enzymes that control the pathway are histone methyltransferases regulated by 
S-adenosylmethionine
7
, theoretically a histone demethylase although functional studies have not 
been conducted on the enzyme
8
. The addition of methyl groups does not change the charge of the 
amino acid, but increases its basicity therefore increasing its affinity for anionic molecules (i.e., 
DNA). This results in histones tightly bound by DNA and therefore, decreased expression and 
increased resistance to digestion by enzymes like trypsin. 
Acetylation, similar to methylation, occurs on the lysine residues of the histone tails. The 
enzymes that are responsible for the addition and removal of the acetyl group are histone 
acetyltransferases (HATs), which are catalyzed by the cofactor acetyl coenzyme A, and histone 
deacetylases, respectively
5, 8
. Acetylation disrupts the positive charge of the lysine residue and 
decreases its affinity for the DNA molecule. This lowers the affinity of the histone to DNA 
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allowing transcription enzymes and molecules to attach to the DNA
7
. Figure 1.1 displays the 
possible methylation and acetylation modifications that can occur in an example human histone. 
 
 
Figure 1.1: (a) Spectrum of acetylation and methylation that can occur to the lysine residue in the histone tail based 
on hydrophobicity and basicity. (b) Amino acid sequences for human histone subunit 3 and 4 tails with the 
associated acetylation and methylation that can occur at specific lysine residues.
5 
 
Phosphorylation occurs on the serine residues of the histone tail. Though less common 
than acetylation and methylation, phosphorylation is still an important histone modification 
because it is responsible for chromosomal condensation and activation of certain transcriptional 
proteins in the nucleus. These effects are primarily seen in early stages of mitosis and meiosis of 
replicating cells
9
. 
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Ubiquitylation and sumoylation are similar processes distinct from the previously 
described in that they involve the attachment and removal of proteins. Ubiquitylation is the 
addition of ubiquitin to the H2 subunit of the histone protein
10
. Histone ubiquitylation has been a 
known process for decades, but its function is still not clear. Researchers have proposed that 
ubiquitin has functions with DNA damage detection, transcription, and support of other histone 
modifications
11
. Sumolyation involves a protein family similar to ubiquitin, small ubiquitin-like 
modifier (SUMO) that is responsible for gene silencing. SUMO proteins target the H4 subunit 
and recruit other transcriptional proteins, like histone deacetylase and heterochromatin proteins, 
which induces gene silencing
12
. 
Histone modifications primarily occur on specific amino acid residues of the subunits. 
These known sites and modifications are referred to as the histone code
7
. In simple terms it is 
described as “multiple histone modifications, acting in a combinatorial or sequential fashion on 
one or multiple histone tails, specify unique downstream functions
8.” Even though these histone 
modifications have been primarily studied in mammalian systems as they apply to health and 
disease treatment, these histone modifications also apply to plants
13
. 
 
Interfering RNA Transcripts 
RNA transcripts can influence transcription and are responsible for activation of histone 
modifications as previously discussed. The group can be broken down into three subgroups: 
micro interfering RNA (miRNA), small interfering RNA (siRNA), and PIWI-interacting RNA 
(piRNA). miRNAs are 22 nucleotide long RNA strands that complement certain mRNA 
sequences, specific to the targeted genes. Post transcriptionally, these miRNAs will attach to 
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single stranded mRNAs and repress translation because ribosomes cannot attach to double 
stranded RNA. The second subgroup, siRNAs, performs gene silencing similar to miRNAs, but 
are double stranded molecules. The double stranded siRNA first needs to associate with certain 
protein complexes to be unwound to single stranded and attach to complementary mRNA 
sequences
14
. Lastly, piRNAs are a large group of RNA-PIWI protein complexes that target 
transposon transcripts primarily in germ cells
15
. 
 
DNA Methylation 
DNA methylation is another way gene expression can be controlled without altering the 
DNA sequence through repression of DNA transcription. The only nucleotide subject to 
methylation is cytosine. Cytosine becomes methylated by a mechanism that involves the transfer 
of a methyl group to the C5 position of the cytosine by enzymes known as DNA 
methyltransferases (DNMT’s) to form 5-methylcytosine16 (Figure 1.2). In plants, there are three 
sites at which methylation can occur, CG, CHG, or CHH (H signifying any other nucleotide)
17
. 
Each of the three potential sites has a separate DNMT that is responsible for the transfer of the 
methyl group. First, in CG sites, methyltransferase 1 (MET1) is responsible for the maintenance 
of symmetric methylation. Second, chromomethylase 3 (CMT3) is required for DNA 
methylation at CHG sites. Third, domains rearranged methylase 2 (DRM2) is needed for de novo 
DNA methylation in all sequences
18
. De novo DNA methylation is characterized by enzymes that 
can create new methylation marks. DRM2 is the only known DNMT that can perform this 
function in plant cells. It is currently unknown exactly how DRM2 targets specific regions for 
methylation
17-18
. All other DNMT’s are used to maintain and read DNA methylation marks from 
the parent DNA strand and transfer the same methylation pattern to daughter strands after DNA 
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replication
19
. It has been theorized that 5-methylcytosine is produced from deoxycytidine via a 
dihydrocytosine intermediate through a similar mechanism that converts the nucleotide between 
deoxycytidine and deoxythymidine
20
. 
 
 
Figure 1.2: Addition of methyl group to the 5' carbon in cytosine to produce 5-methylcytosine.
21
 
 
Biological Compounds Used for Medicinal Applications 
The use of biological materials (primarily proteins, biologics) and small molecules for 
human health needs has been a routine and traditional practice throughout the world. Biologics 
and small molecules are produced through complex biological pathways catalyzed by enzymes 
and are easily recovered from the biological host. These biochemical pathways are often 
regulated by epigenetics and affect the amount of product synthesized. The subsections below 
highlight examples of key biologics and small molecules that humans have taken advantage of 
for medicinal uses. 
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Animal Insulin and Anti-diabetic Peptides 
Animals have been used extensively in the production of biopharmaceuticals. In addition 
to extraction of gelatin from the collagen of horses, cows, and pigs for use in common gel 
products, insulin has become a major product extracted from cows and pigs. Although the 
porcine and bovine insulin differ from human insulin by a single and pair of amino acids, 
respectively, the modifications do not cause any a major difference in the biological activity 
since the major three disulfide bridges are conserved across species
22
. Venom from snakes has 
also been used in the development of anti-serum for the treatment of snake bites against their 
specific venom. The venom from the Gila monster, Heloderma suspectus, offers anti-diabetic 
properties that could be a possible treatment for type-2 diabetes. The peptides isolated from the 
Gila monsters’ venom promote secretion of insulin and decrease the rate of ingested sugar going 
into the bloodstream
23
. 
 
Transgenic Proteins 
Animals, plant, and microbial cell cultures have also been used in transgenic experiments 
to produce human proteins and proteins for pharmaceutical therapies. Transgenic production 
means that genes from another species have been inserted into host’s genome so that certain non-
native proteins can be produced. This procedure has become widely used in bioengineering to 
select the best biological system for protein production. Specific to the pharmaceutical industry, 
genes have been inserted into the mammary glands of cows so that enzymes, clotting factors, and 
bioactive proteins can be easily delivered to the patient via milk consumption
22
. Another 
   
 
   12 
 
example is Protalix's transgenic production of replacement enzyme, Elelyso, which is used in the 
treatment of type 1 Gaucher's disease, carrot plant cell culture
24
.  
 
Penicillin 
Fungi have also played a major role in the biopharmaceutical industry. Penicillin, 
extracted from the fungi genus Penicillium, a green mildew, possesses antibiotic properties 
against a variety of gram positive bacteria. This accidental discovery has impacted most people’s 
lives, especially if they have had surgery or a bacterial infection
25
. 
 
Paclitaxel 
Historically, proteins and small molecules have been isolated from a range of plant, 
fungi, and animal species to treat human disease. One of these compounds is paclitaxel, (brand 
name Taxol®), which was originally extracted from the bark of the Pacific yew tree (Taxus), and 
directly targets cell division. Figure 1.3 depicts paclitaxel’s 3-D molecular structure. Paclitaxel is 
an efficient anti-cancer agent as it promotes microtubule polymerization and inhibits 
disassembly, causing rapidly dividing cells, characteristic of cancer cells, to undergo apoptosis 
and die. Paclitaxel is FDA approved to treat a variety of cancers including ovarian and breast 
cancer, as well as AIDS-related Kaposi sarcoma
26
. However, a major obstacle to utilizing 
paclitaxel as a cancer treatment is the amount needed to produce the drug and the low yield that 
can be attained from the yew tree. Since the compound accumulates in the bark, trees must be 
grown to maturity before being cut down for paclitaxel extraction. This process requires an 
impractical amount of time and space to extract from the tree bark. Scientists discovered that 
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they could isolate precursors of paclitaxel from less vital tissues of the tree, including the 
needles. However, this method was deemed uneconomical as the process required use of harsh 
chemicals in the subsequence organic synthesis to paclitaxel, needed extensive waste 
management, and still required yew tree growth. These non-sustainable processes ultimately led 
to the development of plant cell culture technologies
25
. In plant cell culture, dedifferentiated 
plant cells are grown from Taxus needles plated on solid media as callus through modifying plant 
growth hormones levels. Paclitaxel production and supply is dependent on Taxus plant cell 
suspension culture; hence it is important to understand the paclitaxel biosynthetic pathway and 
its epigenetic regulation.  
 
Figure 1.3: 3-D paclitaxel molecular structure (red: oxygen blue: nitrogen grey: carbon white: hydrogen) 
http://www.biotopics.co.uk/jsmol/taxol.html (accessed Mar 9, 2018). 
 
Paclitaxel Biosynthetic Pathway 
Paclitaxel, a diterpenoid, is produced in Taxus via a complex biosynthetic pathway. The 
starting precursors are isopentenyl diphosphate (IPP) and dimethylallyl pyrophosphate 
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(DMAPP), which are synthesized from the products of two different metabolic pathways – MVA 
(mevalonate) or MEP (also known as the non-MVA) pathway. The MVA pathway employs 
acetyl coenzyme A (acetyl-CoA) and the 3-hydroxy-3-methylglutaryl coenzyme A reductase 
along with other enzymes to produce IPP
27
. The MVA pathway occurs in the cytosol of the plant 
cell. The MEP (2-C-methyl-D-erythritol 4-phosphate) pathway converts glyceraldehyde 3-
phosphate and pyruvate with assistance from enzyme 1-deoxy-D-xylulose-5-phosphate 
reductoisomerase to IPP. The MEP pathway occurs in the plant cell plastids28. Figure 1.4 depicts 
the MVA and MEP pathways and their compartmentalization. 
 
Figure 1.4: Biological pathway from products of the tricarboxylic acid cycle of sugar metabolism (Acetyl CoA and 
G3P) to form IPP and DMAPP, which are precursors to the terpenoid biological pathway to form paclitaxel.
27
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An overview of paclitaxel biosynthesis is shown in Figure 1.5. The first compound of 
interest is GGPP (geranylgeranyl pyrophosphate), which is the primary precursor for all 
terpenoids, including taxa-4,11-diene, the direct precursor to paclitaxel. GGPP is converted by 
the enzyme geranylgeranyl pyrophosphate synthase
29
. Then taxadiene, through a cascade of 
enzymes, is converted to 10-deacetylbaccatin III and then baccatin III by the enzyme 10-
deacetylbaccatin III-10-O-acetyltransferase
30
. Through more enzymatic reactions and addition of 
phenylalanine coenzyme A, baccatin III is finally converted to paclitaxel. There are over 20 
estimated enzymes that facilitate the biological production of paclitaxel from glucose derivatives, 
which provides multiple sites for potential regulation of the pathway
31
. However, despite 
extensive research on paclitaxel biosynthesis, the complete pathway to paclitaxel and associated 
enzymes along with regulation are unknown. 
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Figure 1.5: Biological pathway from IPP precursor to form paclitaxel with known enzymes. This pathway is fed by 
the MVA/MEP pathway initially or phenylalanine later in the pathway.
32  
 
Paclitaxel Biological Pathway is Most Likely Controlled by DNA Methylation 
Studies have shown that with plant cell cultures, there is a gradual loss of production of 
specialized metabolites with repeated subculture over time
33
. Additionally, increased DNA 
methylation has been shown to coincide with the loss of specialized metabolite accumulation
34
. 
This correlation is seen in a variety of plant systems, including the typical plant model, 
Arabidopsis thaliana, and its production of the specialized metabolite trigonelline, an inducer of 
fungal resistance in plants, from nicotinamide
35
. DNA methylation has also been studied in 
tobacco plants, Nicotiana tabacum, for its silencing of specific sequences in the genome and 
transgenes
36
. Taxus cell cultures have also been studied in recent years. In a study conducted 
with 5-year-old T. x media cultures, there was a correlation between DNA methylation and 
paclitaxel production
37
. As the global methylation, or methylation across the whole genome, 
increased over time, paclitaxel production greatly decreased. Although there could be many 
reasons why production levels tend to decrease over time, it is clear that methylation levels 
increase over time and adversely affect production of paclitaxel. Additional research has been 
conducted on the key biosynthetic enzymes in the paclitaxel pathway: DXR, HMGR, GGPPS, 
and DBAT. These studies demonstrated a decrease in transcriptional levels of these four primary 
enzymes over time
37
.  
Further research to determine the effects of increased methylation over time in cell 
culture includes decreasing methylation levels to observe the effect on specialized metabolite 
production. When a demethylating agent known as 5-aza-2'-deoxycytidine was added to Taxus 
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cell lines there was a general decrease in DNA methylation levels
38
. Additionally, this result 
directly correlated with an increase in paclitaxel production levels, which provided motivation 
for this MQP project.  
Research Aims 
The Taxus plant cell cultures primarily used in the Roberts laboratory have been 
subcultured over the last twenty-five years and their paclitaxel production levels have decreased 
and become undetectable (via UPLC) over time. As previous research has shown, DNA 
methylation increases with age, which can have a negative effect on the production of 
specialized metabolites. The research described in this MQP was directed towards the study of 
DNA methylation and its relationship to paclitaxel production and culture age, while in parallel 
designing methods to reverse the negative effects observed. 
  
Aim 1: Initiate new Taxus cell cultures for comparison to existing cultures 
The current cultures in the Roberts laboratory do not produce paclitaxel at adequate 
levels for research. In addition, the initiation of new cell cultures provide the opportunity to 
compare the two extremes of plant cell culture age (brand new to 25+ years old), as well as 
demonstrate differences between species (multiple different species are available for testing). 
Initiation of cultures was done in the spring and fall of consecutive years using a range of 
different media. We hypothesized that there will be differences in calli formation between the 
Taxus species, medium types, and season of initiation. 
  
Aim 2: Determine the relationship between DNA methylation and paclitaxel production  
   
 
   18 
 
Studies on other Taxus cell cultures have found that there is a correlation between DNA 
methylation and paclitaxel production. However, these studies did not use a broad range of 
culture ages, nor look at multiple Taxus species. Here, we analyzed the new and old Taxus cell 
cultures for global DNA methylation, biological pathway precursors, and paclitaxel production 
with and without the presence of the biotic elicitor of specialized metabolism, methyl jasmonate. 
We used UPLC to quantify all component levels. We hypothesized a significant increase in DNA 
methylation and decrease in paclitaxel and precursor levels from new to old Taxus cell cultures. 
  
Aim 3: Investigate the effects of 5-azacytidine on DNA methylation and paclitaxel levels 
5-azacytidine has been demonstrated to decrease DNA methylation levels in other 
studies, but negatively affects other biological pathways that require methylation. In addition, 
there are no studies that have used 5-azacytidine on aged Taxus cell cultures. The 
supplementation of 5-azacytidine to culture media to select lines of old and new Taxus cell 
cultures will enable assessment of the impact of the compound on DNA methylation, paclitaxel, 
and biological precursor levels. We hypothesized that the addition of 5-azacytidine will have 
minimal effect on the newer cultures due to low global methylation levels. However, we 
hypothesized that 5-azacytidine will decrease global methylation levels while also increasing 
paclitaxel production levels in the older cultures.  
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Chapter 2: Plant Cell Culture Initiation 
Background 
Liquid suspension cell cultures have become vital to the production of plant specialized 
metabolites since dedifferentiated cells can be grown quickly in a controlled environment (Figure 
2.1). In addition, downstream extraction and purification processes are simplified when 
compared to use of whole plants. Briefly, liquid suspension cultures are prepared by suspending 
callus from solid medium into the same/similar medium in liquid form. Often, shearing is used to 
dissociate the calli and promote a more heterogeneous suspension.  
Specific to Taxus cell cultures, the explant is typically the needle or stem of the plant, 
which can be physically tough to cut for culturing depending on the maturity level of that section 
of the plant. New, immature growth is softer than its established counterpart within the native 
yew species leading to complications with contamination of cell cultures, but can result in more 
dedifferentiated growth
39
. The purpose of this research was to identify the best conditions and 
procedures to ensure calli formation on solid media with limited contamination and produce new 
Taxus cell cultures for further experiments. The methods developed here will be used routinely 
by the Roberts laboratory to initiate new cultures. 
 
Figure 2.1: Example Taxus liquid suspension cultures. 
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Arnold Arboretum of Harvard University 
The Arnold Arboretum is where the explants were collected to create the new Taxus cell 
cultures. It is located outside of Boston, Massachusetts in Jamaica Plains and contains 281 acres 
of protected plant species that are open for the public enjoyment and/or use in research by 
Harvard University and other institutions. According to the “About Us” page on the arboretum 
website, it is maintained by staff in a private-public partnership of Harvard University and the 
city of Boston and has been recognized as one of the largest and well-maintained living 
collection of plant species. By notifying the arboretum staff, we were given a permit as 
practicing scientists to sample new growth from various Taxus species for this research.  
 
Polyvinylpyrrolidone 
Polyvinylpyrrolidone (PVP) is polymer that possesses antiseptic properties when placed 
into solutions containing ions, specifically iodide
40
. Specific to plant cell cultures, PVP has the 
ability to absorb phenols, which are attributed to browning of the culture and limiting potential 
growth of the culture
41
. However, PVP also absorbs growth hormones and cell culture nutrients, 
having a negative impact when used as a media supplement
42
. The Roberts laboratory has seen 
increased cell culture browning during initiation (data not shown), and hence we explored PVP 
as a potential agent to reduce initial cell culture browning. 
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Cytokinins and Auxins 
Typical Taxus media prepared in the Roberts laboratory involves Gamborg B5 basal 
media with additional plant growth hormones added. We sought to determine the optimal 
concentrations and ratio between the two major hormones of plants, cytokinins and auxins. 
Cytokinins are responsible for shoot and bud formation in plants, or upward growth, as well as 
short distance signaling between individual plant cells
43
. Auxins are responsible for root 
formation, or downward growth,  and elongation of the plant
44
. With a delicate balance between 
these two major plant hormones, differentiated cells can form into dedifferentiated calli, the first 
step to creating a new plant cell culture. 
 
Media Selection 
Table 2.1 outlines the media that was evaluated for promotion of calli growth and 
minimization of contamination. The components and concentrations were derived and modified 
from literature; different concentration ranges are provided with different component mixtures
45-
48
. Medium T is the regular subculture medium of the Roberts laboratory and considered the 
standard medium for Taxus cell culture growth. 
 
Table 2.1: Media components and concentrations for each experimental media type. Abbreviations: B5 (Gamborg 
B5 basal medium), BA (benzylaminopurine), NAA (naphthaleneacetic acid), 2,4-D (2,4-Dichlorophenoxyacetic acid) 
 
  Sucrose 
(g/L) 
Casamino 
Acids 
(g/L) 
B5 
(g/L) 
Picloram 
(mg/L) 
BA 
(mg/L) 
NAA 
(mg/L) 
2,4-D 
(mg/L) 
Kinetin 
(mg/L) 
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Medium 1 20 0.5 3.21 N/A N/A 2 0.2 0.2 
Medium 2 20 0.5 3.21 N/A N/A N/A 2 N/A 
Medium 3 20 0.5 3.21 N/A N/A N/A 1 1 
Medium 4 20 0.5 3.21 2.4 0.002 N/A N/A N/A 
Medium D 20 0.5 3.21 1.2 0.002 N/A N/A N/A 
Medium T 20 N/A 3.21 N/A 0.0225 0.5 N/A N/A 
 
Antioxidant Solution 
To reduce oxidation of the plant cell cultures, the Roberts laboratory uses an antioxidant 
solution that is added to the different media types. These antioxidants are heat sensitive and 
require vacuum filter sterilization through a 0.22 µm filter before being added to autoclaved 
media. Table 2.2 outlines the antioxidant components and amounts. 
 
Table 2.2: Antioxidant components and concentrations to prepare stock antioxidant solution. 
Component Concentration (g/L) 
Ascorbic Acid 2.5 
Citric Acid 2.5 
L-Glutamine 14.6 
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Methods 
Sampling of Taxus Explants 
Taxus explants originated as needles from trees located in the protected Arnold 
Arboretum of Harvard University. A sample arboretum map is provided in Appendix A. Once 
the tree was located and confirmed by a tree tag, shears were used to cut off a few branches with 
new growth that exhibited no external contamination or physical abnormalities. New growth 
needles are a lighter shade of green than the rest of the needles on the branch and are the target 
for good explants to start solid media cultures. Upon excision of branches from the Taxus trees, 
the qualitative condition of the trees was recorded and a rough estimate of biomass was taken 
from each tree for the arboretum's records.  Explants were then stored for future use at 4ºC.  
(NOTE: If needles were planned to be stored for more than 48 hours before plating, needles were 
lightly sprayed with water every 48 hours to keep the needles fresh.) 
 
Media Preparation 
Media is prepared with nanopure water and media components are provided in Table 2.3 
with their respective providers. There are standard solutions of BA and NAA available in 
laboratory for typical Taxus cell culturing, but 2,4-D and kinetin standard solutions were 
prepared in 95% ethanol, and picloram standard solutions were prepared in pure dimethyl 
sulfoxide (DMSO) at10 mg/mL. Once the components were dissolved, the medium was raised to 
final volume and adjusted to a pH of 5.5 using stock solutions of 1 M NaOH and 1M HCl, 
appropriately. For making solid media, gelzan is added at concentration of 4 g/L and mixed in 1 
L autoclave-safe bottles with the media. If liquid media is prepared, media is transferred directly 
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to 125 mL flasks in 40 mL aliquots and topped with foam caps. An autoclave liquid cycle was 
used to increase the temperature of the liquid/solid media to 120
o
C, while increasing the pressure 
to ensure no generation of vapor and boiling over during the 30 min sterilization period. Liquid 
media was removed from the autoclave at the end of the cycle and stored at room temperature 
until use. Solid media was poured soon after the sterilization cycle so that contents solidify in the 
sterile Petri dishes and not the autoclave-safe bottle. Before pouring, 40 mL antioxidant solution 
is added to semi-cooled 1 L of solid media. For 25 x 100 mm Petri dish, 50 mL mixture of media 
and antioxidants was poured into each plate.  
Table 2.3: Media component providers. 
Media Component Scientific Distributor 
Casamino acids Becton, Dickinson and Company, Franklin Lakes, NJ 
Gamborg B5 basal medium Phyto Technology Laboratories, Lenexa, KS 
1-Naphthaleneacetic acid (NAA) Sigma-Aldrich, St. Louis, MO 
6-Benzylaminopurine (BA) Sigma-Aldrich, St. Louis, MO 
2,4-Dichlorophenoxyacetic acid (2,4-D)  Sigma-Aldrich, St. Louis, MO 
Kinetin Sigma-Aldrich, St. Louis, MO 
Picloram Sigma-Aldrich, St. Louis, MO 
Sucrose Caisson, Smithfield, UT 
Ascorbic Acid Fisher Scientific, Hampton, NH 
Citric Acid Phyto Technology Laboratories, Lenexa, KS 
L-Glutamine Sigma-Aldrich, St. Louis, MO 
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Plating of Taxus Explants on Solid Media 
The needles were separated from the branches by hand, suspended in a 1% hypochlorite 
aqueous solution and incubated on the shaker table at 60 RPM for 10 minutes. The needles were 
then separated from the hypochlorite solution and poured into a Buchner funnel. Autoclaved 
water was poured over these needles to rinse three times. Needles were cut lengthwise with a 
sterile scalpel on an empty, sterile Petri dish and tweezers were used to secure the needles while 
cutting and transport the needles onto the media. The number of explants plated on a Petri dish 
was governed by the experiment and area covered by the explants (roughly 30 explants for the 25 
x 100 mm Petri dish size). Once all explants were plated on a Petri dish, the plate’s lid was 
secured with micropore tape, and the accession number, date, and plater’s initials were written 
on the lid. 
Solid media cultures were stored in a well-ventilated, dark box at room temperature and 
not stacked higher than 5 plates to allow for proper ventilation to all plates. The cultures were 
checked every three days for the following two weeks to detect emerging contamination, and 
contaminated plates were immediately discarded into bio-waste container. Figure 2.2 is the 
typical contamination found for the Taxus cell cultures. 
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Figure 2.2: Typical solid media contamination. Typical contamination appears fuzzy and white, which is 
characteristic of fungal growth. However, the second plate in the top row contains an orange color which is 
characteristic of bacterial growth. 
 
Subculture of Solid Media Plant Cultures 
Every four weeks solid media cultures were sterilely transferred to new Petri dishes with 
fresh media. As the calli got larger, approximately 1 g of cell mass was transferred to a new plate 
via a sterile spatula to allow for new growth. 
 
Solid to Liquid Media Transfer of Plant Calli 
The solid media cultures were ready to be transferred to liquid media when 
approximately 75% of the Petri dish was covered in useable, friable callus. Friable callus is 
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distinct from compact callus in that it can be easily flaked off the solid media and consists of 
small aggregates; compact callus is hard and has large aggregates. Figure 2.3 depicts the 
difference between friable and compact callus. The friable callus was divided into three sections: 
two sections went into separate flasks to produce two liquid suspension cultures and one section 
was subcultured on a new Petri dish as backup in case the liquid suspension cultures were 
unviable or became contaminated. 
 
Figure 2.3: Difference between friable (red circle) and compact (blue circle) callus. 
 
Prepared liquid media, that corresponds to the solid media type that callus was grown on, 
with antioxidants was used (40 mL media in 125 mL flasks with 2.5 mL antioxidant solution, 
shown in Table 2.2). A calli section was slightly broken up with the spatula and approximately 5 
grams was transferred to the liquid suspension flask. A serological pipette was used to further 
break the calli into smaller aggregates through shearing (pipetting up and down repeatedly). 
These cultures were then subcultured every two weeks, unless otherwise noted. If elicitation was 
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required to induce paclitaxel production, a stock solution of 0.1745 M methyl jasmonate in 
ethanol and water was added at 200 μM after the first week of transfer and cultures sampled on 
the second week, according to the procedures described in Chapter 3. The flasks were stored at 
23˚C in a dark incubator shaking at 125 rpm. 
 
Experimental Design and Results  
2015 Plant Cell Culture Initiation 
Initial generation of new plant cell cultures occurred in October 2015. The Arnold Arboretum 
of Harvard University donated explants for these experiments. This round of sample collection 
and initiation served as a learning opportunity and refinement of procedures for the 2016 and 
2017 collection (see below). Table 2.4 is the list of the accession and the corresponding Taxus 
species sampled.  
Table 2.4: Accession numbers of plated explants and the corresponding plant species for 2015 experiment. 
Accession Species 
448-90A Taxus cuspidata 
372-35D Taxus baccata 
17404D Taxus cuspidata 
801-37A Taxus baccata 
935-34A Taxus baccata 
107-11A Taxus x media 
26-39C Taxus baccata 
283-97C Taxus cuspidata 
   
 
   29 
 
1395-60A Taxus chinensis 
5219A Taxus baccata 
654-39A Taxus chinensis 
11267A Taxus x media 
5714A Taxus cuspidata 
  
The following list contains the major outcomes from 2015 sampling and things to consider for 
future experiments: 
 Sampling of Taxus plants should be done during late spring-summer to ensure the 
collection of new growth explants. By late fall all new growth has become regular (non-
new) growth. 
 This experiment resulted in major contamination of cultures; more emphasis on 
sterilization procedure is needed during plating. 
 Certain species of Taxus have an endophytic fungi naturally growing symbiotically with 
the plant cells that once plated on the solid media grow at a faster rate than the 
dedifferentiated plant cells. These species were noted and not used for future 
experiments. Several cultures turned brown and mushy shortly after forming calli. 
 Specimens that were considered for future experimentation were 17404D and 654-39A. 
 
2016 Plant Cell Culture Initiation 
Taking in account these outcomes of the 2015 sampling, a new round of sampling, 
research on initiation media, and culture initiation were performed. A large selection of 
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accessions was used in the 2016 experiment that included some accessions from the 2015 
experiment as well as new ones. 
 
Initial Round of Calli Formation and Contamination 
An initial group of explants (3560A, 1332B, 1101-62A) was plated on Media 1, 2, 3, and 
4 with and without PVP to determine the impact on reducing browning of solid media cultures.  
PVP was dissolved in water to form 1% aqueous cutting solution during the plating of explants 
on the solid media and was not added to the solid media. 15 plates were prepared with PVP and 5 
plates without PVP. According to observations after two weeks, the PVP promoted 
contamination, which inhibited collection of browning data. This is most likely because the 
addition of PVP added another possible step for contamination to occur. Based on these results, 
PVP was not used in future explant plating. The second group of explants was plated on 20 
plates including the following accessions: 537-58A, 991-49A, 21260C, 17404D, 654-39A, 
17402-1C, 48-82A, 604-2C, 601-58A, 169-99A, and 546-89C. The following sections highlight 
results and particularly notable accessions. Table 2.5 lists all the corresponding Taxus species to 
each accession number.  
Table 2.5: Accession numbers of plated explants and the corresponding plant species for the 2016 experiment. 
Accession Species 
3560A Taxus baccata 
1332B Taxus baccata 
546-89C Taxus baccata 
17402-1C Taxus canadensis 
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601-58A Taxus canadensis 
654-39A Taxus chinensis 
48-82A Taxus chinensis 
604-92C Taxus x hunnewelliana 
991-49A Taxus x media 
1101-62A Taxus x media 
17404D Taxus cuspidata 
169-99A Taxus cuspidata 
21260C Taxus cuspidata 
 
 Along with qualitative analysis of each accession of interest below, Table 2.6 and Table 
2.7 provides quantitative data obtained from this round of culture initiation based on accession 
and media type.  
Table 2.6: Quantitative data from the 2016 plant cell culture initiation experiment specific to accession. Y signifies 
yes, N signifies no, and N/A indicated that that characteristic was not applicable for that accession. 
Accession  Initial 
Number 
of Plates 
Contamination 
% 
Calli 
Initiation 
% 
Solid 
Media 
Liquid 
Media 
Elicited Paclitaxel 
3560A 80 46.7 56.5 N N N/A N/A 
1332B 80 84.6 47.1 N N N/A N/A 
1101-62A 80 45 29.4 Y Y Y N 
17404D 80 15 32.1 Y Y N N/A 
48-82A 80 33.8 52.3 Y Y Y Y 
169-99A 45 55.6 63.2 N N N/A N/A 
21260C 76 8.75 72.3 Y Y Y N 
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Table 2.7: Quantitative data from the 2016 plant cell culture initiation experiment specific to media type. Media 2 
and 4 were best for calli initiation. 
Media Type Calli Initiation % 
Medium 1 37.4 
Medium 2 68.9 
Medium 3 17.0 
Medium 4 64.1 
 
3560A: 
Over the four media types, there was an average of 56.5% calli formation with initial, fast 
calli growth. This growth turned brown over time and stopped growing. There was not enough 
friable, white calli available for transfer after the year-long subculturing. 
 
1332B: 
There was early contamination in most samples which lead to the minority of the plates 
used in the experiment. There was no substantial calli formation in any of the media types. 
 
1101-62A: 
Calli growth was slow on all media types with media 1 and 4 producing the greatest 
amount of calli growth. After a year and a half, 1101-62A had enough calli growth to be 
transferred to liquid media for elicitation in future experiments. 
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17404D: 
There was little calli growth over the first year and a half, but it was still able to produce 
white friable calli. We were able to transfer some calli to liquid suspension culture for elicitation 
in future experiments. 
 
48-82A: 
There was major calli growth and substantial calli was transferred to liquid suspension 
culture for elicitation. Paclitaxel was detected in these cultures and are currently maintained in 
liquid suspension and solid media cultures for future experiments. 
 
169-99A: 
There was calli growth in the first three months but lead to increased browning over the 
following six months. Cultures have since died and no revival was possible. 
 
21260C: 
There was major growth in the beginning with relatively more white friable calli than 
other accessions. However, from elicitation with 200 µM methyl jasmonate and analysis on the 
UPLC, majority of cell cultures did not produce paclitaxel. In addition, solid media cultures have 
begun to brown and not produce useable amounts of friable calli. 
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2016 Experiment Conclusions 
The initiation medium with the best results was media 2 and 4, which had average calli 
initiation percentages of 68.9% and 64.1%, respectively. However, the most effective medium 
for sustaining friable calli were media 1, 4, and D. This observation is based on qualitative 
analysis of remaining solid media cultures. 
2017 Plant Cell Culture Initiation 
Based on the 2015 and 2016 preliminary investigations, a more directed study to 
determine the best accessions and initiation/growth media was started in the fall 2017 and is 
currently ongoing. This more systematic study will provide quantitative data on contamination 
and calli initiation. This study used media 1, 2, 4, and D with 11 x 35 mm Petri dishes for 
individual explants to reduce loss due to contamination during initiation. Single explants per 
Petri dish were used as a result of many plates being discarded due to contamination in the 
previous years’ studies. 20 plates for each media type per accession were plated. The accessions 
investigated were 21260C, 1101-62A, 48-82A, and 17404D. 
Contamination and calli initiation at the three-week mark were recorded. Results support 
preliminary conclusions from the 2016 investigation; media 2 and 4 were the best for calli 
initiation as seen in Tables 2.8 and 2.9. Calli initiation percentages were determined based on 
noticeable calli growth on the plate of each media type. Medium calli initiation percentages were 
determined based on the number of plates per media type that contained any amount of calli 
formation. 
 
 
   
 
   35 
 
Table 2.8: Calli initiation percentage per accession by media type after three weeks of growth. 
Accession  Medium 1 Medium 2 Medium 4 Medium D 
48-82A 26.3% 71.4% 73.6% 21.0% 
1101-62A 40.0% 100.0% 87.5% 100.0% 
17404D 38.8% 55.5% 57.8% 23.5% 
21260C 30.7% 69.2% 81.8% 37.5% 
 
 
Table 2.9: Media calli initiation percentages. 
Medium Calli Initiation % 
1 33.9% 
2 74.0% 
4 75.2% 
D 45.5% 
 
In terms of contamination, 21260C and 1101-62A most likely contained endophytic fungi 
based on the high rate of contamination (Table 2.10). However, because single needles were 
plated per plate instead of more than 30 per plate, contamination was restricted. Table 2.9 
summarizes all contamination results during the first three weeks. 
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Table 2.10: Total contamination percentages of the 2017 cell cultures during the first three weeks of culture. 
  Total Contamination % 
Accession Medium 3 days 1 week 10 days 2 weeks 17 days 3 weeks 
48-82A 1 0.0% 5.0% 5.0% 5.0% 5.0% 5.0% 
 2 10.0% 20.0% 20.0% 20.0% 30.0% 30.0% 
 4 0.0% 0.0% 0.0% 0.0% 5.0% 5.0% 
 D 0.0% 5.0% 5.0% 5.0% 5.0% 5.0% 
        
17404D 1 5.0% 5.0% 5.0% 5.0% 10.0% 10.0% 
 2 5.0% 5.0% 5.0% 5.0% 10.0% 10.0% 
 4 0.0% 0.0% 0.0% 0.0% 5.0% 5.0% 
 D 5.0% 5.0% 10.0% 10.0% 10.0% 10.0% 
        
1101-62A 1 0.0% 15.0% 30.0% 45.0% 45.0% 50.0% 
 2 0.0% 10.0% 30.0% 45.0% 50.0% 50.0% 
 4 5.0% 25.0% 45.0% 55.0% 60.0% 60.0% 
 D 0.0% 25.0% 50.0% 55.0% 80.0% 80.0% 
        
21260C 1 0.0% 20.0% 25.0% 30.0% 35.0% 35.0% 
 2 5.0% 15.0% 30.0% 30.0% 35.0% 35.0% 
 4 0.0% 15.0% 30.0% 30.0% 35.0% 45.0% 
 D 0.0% 10.0% 40.0% 40.0% 55.0% 60.0% 
        
Total  2.2% 11.3% 20.6% 24.1% 29.7% 30.9% 
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2017 Experiment Conclusions and Future Directions 
This study verified calli initiation results from the fall 2016 investigation and resulted in a 
decrease in overall culture contamination when explants were sampled in the spring. Plating 
explants on individual Petri dishes is recommended for a month to prevent contamination from 
spreading to other explants since the majority of contamination occurred during the first month. 
At the end of the first month, explants can be subcultured on the 25 x 100 mm Petri dishes for 
easier storage and maintenance.  
In terms of specific media type, media 2 and 4 had the best calli initiation rate and lowest 
contamination rate after three weeks, confirming results from the 2016 and 2017 experiments. 
Although media 2 and 4 are the best media types for calli initiation, cultures have recently started 
to brown even after multiple subcultures. From what has been observed in terms of all the 
different media types, media 2 and 4 had the most amount of calli formed on them, as compared 
to the other media types. This is why we recommend beginning all explants on either one of 
these media types. However, the calli on these media types began to have significant browning 
as compared to media 1 and T. Even though there was less calli on media 1 and T, the calli that 
was present was white, friable and the most likely candidates for liquid suspension transfer. As a 
result, we advise initiating cultures on media 2 and 4 for the first two subcultures then switching 
to medium 1 and T for the remaining time of the cell culture, since these media types have 
proven to aid calli growth and reduce browning in past experiments. Although there has been a 
difference in how these media promote calli initiation, there is not a significant difference in 
components relative to cytokinins and auxins. 
In terms of accessions to subculture, the continued use of 21260C and 48-82A is 
recommended since these lines had a low contamination rate and high calli formation. Accession 
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1101-62A did have a high calli formation percentage but also had high rates of contamination, 
indicating another Taxus x media accession should be used for improved results. 
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Chapter 3: DNA Methylation and Response to Elicitation 
Background 
Significant research has been conducted to determine methylation levels in many 
different plant and animal species. For example, global DNA levels have been measured in 
Elaeis guineensis, the African oil palm, to investigate the relationship between various 
alterations in DNA methylation rate and the effect on clonal plant production49. This study 
concluded that there was a correlation between DNA hypomethylation and certain somaclonal 
palm oil variations. Here, we based our UPLC protocol to measure global DNA methylation on 
the techniques used by Fuke et. al
50
. We had the same column dimensions and used the same 20 
mM sodium tetraborate mobile phase for sample runs. We adapted the HPLC procedure for use 
on the UPLC by using conversion calculations with Waters software
51
. To determine global 
methylation levels, many studies have used standard curves with different concentrations of 
purified nucleotide standards
50, 52
.  These standards include adenine, thymine, guanine, cytosine, 
and methylated cytosine. As previously stated, cytosine is the only base which has the ability to 
be methylated. Additionally, to calculate the global methylation percentage of each sample, 
methylated cytosine to guanine levels can be compared. Due to base pairing, the total number of 
cytosines should equal the total number of guanines. Therefore, the most accurate way of 
calculating methylation percentage is by comparing methylated cytosine to total guanine. The 
optimized protocol presented here can be applied to understand the effect of years in culture on 
both global methylation levels and paclitaxel production levels in Taxus. Enzyme elicitation with 
methyl jasmonate can be used to induce and increase paclitaxel levels in culture.  
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Methyl Jasmonate 
Historically, jasmonates, specifically methyl jasmonate, have been found to induce 
expression of specialized metabolite genes in plant cell cultures, including Taxus cell cultures
53
. 
Paclitaxel is a specialized metabolite that is produced as part of a stress response in nature. The 
timely addition of methyl jasmonate to cell cultures can mimic the stress response and result in 
higher levels of paclitaxel in culture
53
. Methyl jasmonate binds to membrane receptors on the 
plant cell, initiating a signal cascade that results in de novo transcription of specialized 
metabolite genes
54
. The addition of methyl jasmonate to cell cultures was hypothesized to 
increase paclitaxel production levels with no effect on global methylation levels. Here, we detail 
our method development to quantify global methylation levels and the effect of methyl 
jasmonate on paclitaxel production in both the old and new cell cultures. 
 
Methods 
Experimental Design 
The primary purpose of this experiment was to quantify global DNA methylation and 
paclitaxel production levels in relation to culture age and presence of methyl jasmonate. Five old 
and five new liquid suspension cultures (Table 3.1) were selected for this experiment. The old 
cultures are 25 years old and have been regularly subcultured every two weeks in standard Taxus 
media. All 10 cultures were subcultured on day 0 in 125 mL flasks containing 40 mL of new 
media and 10 mL of old suspension culture corresponding to the solid media type that the callus 
was grown on. On day 7, the liquid suspension cultures were split into two 50 mL flasks, each 
containing 20 mL of suspension culture. One flask was elicited with 0.1745 M methyl jasmonate 
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stock solution to make a 200 µM methyl jasmonate solution in the flask, and the other was 
mock-elicited with a water/ethanol solution since these solvents are used in the methyl jasmonate 
stock solution. Foam caps covered in aluminum foil were used to reduce cross elicitation of other 
cultures. Three 1 mL well-mixed samples of both media and cells from the remaining culture 
were collected in 1.5 mL microcentrifuge tubes for DNA methylation level determination. On 
day 14 in culture (7 days post elicitation or mock elicitation with MJ), each flask was sampled 
five times – two samples for DNA methylation and three samples for paclitaxel quantification. 
The media in the DNA samples was removed by a pipette after centrifugation and cells were 
washed once with nanopure water before removal of liquid supernatant after centrifugation and 
stored at -80
o
C. Paclitaxel samples containing both cells and media were frozen as sampled at -
80
o
C. This procedure was repeated on day 21 in culture (14 days post elicitation or mock 
elicitation with MJ). After day 21, the liquid suspension cultures were disposed of following 
proper lab procedures. Figure 3.1 is a graphic representation of the experiment. The DNA 
methylation and paclitaxel samples were processed and analyzed using the procedures discussed 
in the following sections. 
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Figure 3.1: DNA methylation and paclitaxel production experiment schematic with elicitation and start of sampling 
on day 7. 
 
Table 3.1: Liquid suspension cultures for DNA methylation experimentation. 
Old Cultures Species New Cultures Species 
P093X Taxus baccata 48-82A-2 Taxus chinensis 
P093XC Taxus baccata 48-82A-3 Taxus chinensis 
P93AF Taxus baccata 48-82A-4 Taxus chinensis 
P93AFC Taxus baccata 48-82A-32 Taxus chinensis 
C093D Taxus canadensis 1101-62A-5 Taxus x media 
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DNA Extraction 
Extraction of DNA was performed with the Qiagen DNeasy Kit using the manufacturer’s 
protocol as follows. 1 mL of washed cell culture samples were combined with 0.3 g of 0.5 mm 
diameter zirconium silicate beads and were lysed with the Bullet Blender (BB24-AU, Next 
Advance, New York) for two cycles of 5 mins each. Samples were then centrifuged at 14,000 
rpm for 2 mins. The supernatant of the lysed cells was pipetted into a new microcentrifuge tube 
along with 400 μL of Buffer AP1 and 4 μL RNase A from the DNeasy kit. The tube was then 
placed in a 65
o
C heat block for 10 mins, with inversion of the tube every 3 mins by hand. After 
incubation, 130 μL of Buffer P3 was added and the tube was placed on ice for 5 mins. The lysate 
was centrifuged for 5 mins at 14,000 rpm then pipetted into a QIAshredder spin column with a 2 
mL collection tube. The spin column and collection tube were then centrifuged for 2 min at 
14,000 rpm. 500 μL of the flow through was transferred to a new tube along with 750 μL of 
Buffer AW1. 650 μL of the mixture was added to the DNeasy Mini spin column and centrifuged 
for 1 min at 14,000 rpm. The flow through was discarded and the remaining mixture was added 
to the DNeasy Mini spin column and centrifuged, and flow through was discarded as previously 
stated. 500 μL of Buffer AW2 was added to the DNeasy Mini spin column and centrifuged for 1 
min at 14,000 rpm. The flow through was discarded and this step was repeated. The DNeasy 
Mini spin column was transferred to a new microcentrifuge tube and 100 μL of Buffer AE was 
added. The reaction was incubated for 5 mins at room temperature and was then centrifuged for 1 
min at 14,000 rpm. This step was repeated with an additional 100 μL of Buffer AE and the 
remaining flow-through in the microcentrifuge tube was the extracted DNA suspended in Buffer 
AE. 
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Determination of DNA Concentration and Purity 
DNA concentration and purity were determined using the Nanodrop (ThermoFisher). 
Using 1.5 μL of nanopure water as the blank, the baseline was set. After the blank run, each of 
the extracted DNA samples was analyzed in triplicate for concentration and purity based on 
absorbance at 260 nm, for nucleic acids, in relation to absorbance at 230 and 280 nm, for other 
contaminations including RNA and protein, respectively. Acceptable values for absorbance ratios 
are ~1.8 for 260/280 and 2.0-2.2 for 260/23055. The determined DNA concentrations were used 
for the DNA hydrolysis. 
If samples were lower than 46.5 ng/μL, a value determined by the hydrolysis procedure, 
samples were concentrated via the evaporator centrifuge on the V-AQ setting for 40 minutes to 
increase the concentration by approximately 50%. Some samples were required to run for a 
longer time, but no volume was dropped below 50 μL. For the DNA hydrolysis to work properly, 
this step was necessary to ensure we had a highly concentrated sample. 
 
DNA Hydrolysis 
DNA hydrolysis was performed with the Zymo Research DNA Degradase Plus Kit. This 
protocol hydrolyzed 1 mg of DNA into nucleotides. Using the determined concentrations from 
the DNA extraction procedure, 1 mg of DNA was added to a microcentrifuge tube with 2.5 μL 
DNA Degradase Reaction Buffer, 1 μL of DNA Degradase enzyme, and brought up to a volume 
of 25 μL with nanopure water (NOTE: the lowest usable DNA concentration is 46.5 ng/μL). This 
reaction took place in the warm room at 37
o
C for four hours to ensure full degradation of the 
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sample DNA. The reaction was quenched by the addition of 75 μL of nanopure water and was 
stored at -20
o
C for future analysis. 
 
Confirmation of DNA Hydrolysis by Gel Electrophoresis 
To determine if complete hydrolysis of DNA was achieved, the digested and undigested 
DNA were run on a 1% agarose gel with SYBR safe against a 200 kB  DNA ladder. 10 µL 
samples were added to each well with 2 µL of loading dye. The gel was run at 110 V for 45 mins 
covered with aluminum foil. Once the gel run was completed, it was analyzed under UV light on 
the Bio-Rad UV Spec Unit. Figure 3.2 is a picture of the gel demonstrating complete DNA 
hydrolysis by DNA Degradase Plus kit. This can be seen by observing that lane 2 has a band 
which indicated there was genomic DNA present and then observing lane 3 which contains no 
bands, indicative of complete digestion. This process was completed with sample DNA to ensure 
that the DNA Degradase Plus fully digested the DNA. Once this was observed, it was assumed 
that this kit worked for all samples and we did not want to waste valuable DNA samples. 
   
 
   46 
 
  
Figure 3.2: Picture of gel under UV light to demonstrate complete DNA hydrolysis by DNA Degradase Plus kit. 
Samples in lanes 1-3 were DNA ladder, undigested DNA, and digested DNA, respectively. 
 
UPLC DNA Methylation Analysis 
 The column and run specifications were adapted from Fuke et. al, and the specifications 
were translated from HPLC to UPLC via a column calculator from Waters conversion software 
(Table 3.2)
50
. To identify and quantify the concentration of each nucleotide, refer to the example 
chromatogram produce from the UPLC in Figure 3.3 of sample DNA and standard curves in 
Figure 3.4 created by using purchased nucleotide standards. Deoxycytidine and deoxyguanosine 
were purchased from Alfa Aesar (Ward Hill, MA) and 5'-methyl deoxycytidine was purchased 
from Cayman Chemical Company (Ann Harbor, MI). To determine the overall global 
methylation percentage, we compared the methylated cytosine peak to the guanine peak at 278 
nm by the following equation: 
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𝑚𝑑𝐶
𝑑𝐺
= 𝐺𝑙𝑜𝑏𝑎𝑙 𝑀𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑖𝑜𝑛 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 
Table 3.2: UPLC column specifications and run parameters for DNA methylation analysis
50
. 
UPLC Column C 18 2.1x50mm, 1.7µm 
Mobile Phase A 20 mM sodium tetraborate 
Run Time 7.3 min 
Flow Rate 0.5 mL/min 
Injection Volume 6.7 µL 
 
Figure 3.3: Sample chromatogram using digested DNA (5 mg/L) at 278 nm. Retention times: deoxycytidine (dC) 
0.94 mins, deoxyguanosine (dG) 1.84 mins, 5'-methyl deoxycytidine (mdC) 2.50 mins, deoxyadenosine and 
deoxythymidine (dA and dT) 3.30 mins. 
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Figure 3.4: Standard curves for each nucleotide of interest as determined by UPLC. dC = deoxycytosine, dG = 
deoxyguanine, and mdC = methylated deoxycytosine. 
 
Paclitaxel Extraction 
To process the paclitaxel samples, they first were put into the evaporative centrifuge for 6 
hours to remove the water. Samples were then resuspended in 1 mL of acidified methanol 
(0.01% acetic acid in methanol). Techniques including sonication in a sonicating bath, vortexing, 
and incubating cells on the shaker were used to completely break up the sample. Once 
completely broken up, samples were centrifuged on 15,000 rpm for 20 minutes to separate 
insoluble components. 800 μL of the supernatant was removed, dispensed into a new centrifuge 
tube, and then placed into the evaporative centrifuge for 1 hour to completely dry out the sample 
again.  Once completely dry, a mixture of methanol, acetonitrile, and nanopure water was added 
to the samples. First, 25 μL of methanol was added, then 35 μL of acetonitrile, and finally 
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40 μL of nanopure water. Between the addition of each component, the samples were sonicated 
for 1 minute. After all components were added, the samples were vortexed until completely 
dissolved. Once fully dissolved, each sample was filtered through a 0.22 µm PVDF filter into a 
low-volume UPLC vial with a 1.0 mL syringe. In between each sample, the filter and syringe 
were flushed with methanol. The lids to the UPLC vials (Thermo Scientific, C4012-1W) were 
crimped and samples were run immediately on the UPLC.   
 
UPLC Paclitaxel Analysis 
The protocol for UPLC analysis of paclitaxel concentration in the samples was adapted 
from a similar protocol from Phyto Technologies used to quantify paclitaxel. Table 3.3 highlights 
the specifications and parameters for UPLC analysis. Standard solutions of paclitaxel, as well as 
the precursors, baccatin III, and 10-deacetylbaccatin III, were used to enable quantification of 
these compounds in all samples. Figure 3.5 is a chromatogram run on the UPLC at 227 nm with 
peaks corresponding to the authentic standards. 
Table 3.3: UPLC column specifications and run parameters for paclitaxel production analysis. 
UPLC Column C 18 2.1x50mm, 1.7um 
Mobile Phase A 0.1% phosphoric acid in Water 
Mobile Phase B Acetonitrile 
Gradient Start at 0.5, 30 to 80% Mobile B in 4 min, 
then 5 min mark to 30% B for additional 
minute; total run time 6 min 
Flow Rate 0.35 mL/min 
Injection Volume 10 µL 
   
 
   50 
 
 
 
Figure 3.5: Sample chromatogram at 227 nm. Retention times: 10-deacetylbaccatin III (dbacc) 1.026 mins, 
baccatin III (bacc) 1.923 mins, paclitaxel 3.325 mins. 
 
Theoretical Results and Discussion 
 The UPLC was a vital piece of equipment throughout this project. However, for the 
majority of the time, the UPLC was not functional preventing samples to be run and limiting 
accurate data. Since we were unable to obtain data and results due to this complication, the 
following sections will be presented as theoretical results. 
 
DNA Methylation Percentage Directly Correlated to Culture Age 
We hypothesize that older cultures will have a much greater global methylation 
percentage than the newer cultures and that the relative methylation levels between the sets of 
five old cultures and five new cultures will be similar. Figure 3.6 shows a theoretical plot of what 
we hypothesize to observe when comparing culture age to global methylation levels. 
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Figure 3.6: DNA methylation percentage against culture age with a direct correlation. The blue points correspond 
to the older cultures and the red points represent the newer cultures.  
 
Paclitaxel Production Indirectly Correlated to Culture Age 
When comparing culture age to paclitaxel production, we hypothesize that as culture age 
increases paclitaxel accumulation decreases. Additionally, we anticipate the two sets of culture 
ages to be plotted together in a way that would be indicative of increased paclitaxel 
concentrations from newer cultures and decreased production levels in older cultures. Figure 3.7 
shows the expected inverse correlation between culture age and paclitaxel concentration if our 
hypotheses are correct.  
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Figure 3.7: Paclitaxel concentration against culture age with an inverse correlation. The blue points correspond to 
the older cultures and the red points represent the newer cultures. 
 
DNA Methylation Percentage Indirectly Correlated to Paclitaxel Production  
When observing the effect global methylation percentage has on paclitaxel production 
levels, we hypothesize an inverse correlation indicating that as methylation levels increase 
paclitaxel concentrations decrease. Older cultures contain higher global methylation levels and 
lower paclitaxel production levels than the newer cultures; hypothesized results are shown in 
Figure 3.8. 
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Figure 3.8: DNA methylation percentage against paclitaxel concentration with an inverse correlation. The blue 
points correspond to the older cultures and the red points represent the newer cultures. 
Conclusion 
We hypothesize that DNA methylation of Taxus cell cultures will correlate directly to 
culture age and an inversely correlate with paclitaxel production. To obtain an efficient 
paclitaxel-accumulating Taxus cell culture, culture age should be considered a key variable. 
Regular initiation of new cultures will benefit the Roberts research group and also will provide 
additional culture ages to investigate. 
All of the samples that were collected are stored in the -80˚C freezer and are ready for 
quantification on the UPLC once the machine is operational. The samples are labeled by their 
accession number, the day at which the samples were taken, the date the samples were taken, and 
if they were elicited. All samples are processed and should be suspended in 25 μL of methanol, 
35 μL of acetonitrile, and 40 μL of water and filtered to be run on the UPLC.   
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Chapter 4: Manipulation of DNA Methylation 
Background 
DNA methylation and its effect on gene expression and cell function has been studied 
extensively. Additionally, there have been studies conducted with the goal to manipulate 
methylation levels to control gene expression and determine the effect that lowering DNA 
methylation levels has on overall cell function
56
. A popular demethylating agent that has been 
used in various studies is 5-azacytidine (5-azaC). When 5-azaC is added to cultures it gets 
incorporated into the DNA and is able to inhibit DNA methylation in the daughter strand during 
replication56. One study used 5-azaC to induce transcriptome changes in E. coli
57
. This study 
showed increased gene expression of 63 different genes due to the effects of 5-azaC. Another 
study in Taxus cell cultures tested the effect of adding 5-azaC on methylation levels and 
paclitaxel production
38
. Results showed decreased methylation levels and increased paclitaxel 
levels with the addition of 5-azaC. We adapted this study for our experiment with the major 
difference being that we are also trying to compare cultures of vastly different ages and 
subculture periods. The concentrations previously tested were 1 mg/L, 3 mg/L, and 5 mg/L. 
Results showed that 1 mg/L did not significantly impact global methylation, 5 mg/L decreased 
viability across the cell cultures, and 3 mg/L decreased global methylation and also did not kill 
the cells. Based on the results of this study, we designed our experiments to determine how 3 
mg/L 5-azaC affects both paclitaxel production and global methylation levels in our Taxus 
cultures of varying ages. We hypothesize that 5-azaC will have no effect on the new cultures 
since global DNA methylation levels will be low; however, it will significantly decrease global 
methylation levels and increase paclitaxel production in the older cultures that exhibit high levels 
of methylation. 
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Methods 
This experiment was designed in a similar way to the DNA methylation and paclitaxel 
production studies in Chapter 4 with the only difference being the addition of 5-azaC to the main 
flask at day 0. The accessions to be tested should be chosen based on results from the previous 
experiments. On day 7, the liquid suspension cultures should be split into two 50 mL flasks, each 
containing 20 mL of suspension culture. One flask should be elicited with 0.1745 M methyl 
jasmonate to make a 200 µM methyl jasmonate solution in the flask, and the other should be 
mock-elicited with a water/ethanol solution since these solvents are used in the methyl jasmonate 
stock solution. Foam caps covered in aluminum foil should be used to reduce cross elicitation of 
other cultures as methyl jasmonate is a volatile compound. Three 1 mL well-mixed samples of 
both media and cells from the remaining culture should be collected in 1.5 mL microcentrifuge 
tubes for DNA methylation level determination as described in Chapter 3. On day 14 in culture 
(7 days post elicitation or mock elicitation with MJ), each flask should be sampled five times – 
two samples for DNA methylation and three samples for paclitaxel quantification. The media in 
the DNA samples should be removed by a pipette after centrifugation and cells should be washed 
once with nanopure water before removal of liquid supernatant after centrifugation and stored at 
-80
o
C. Paclitaxel samples containing both cells and media should be frozen as sampled at -80
o
C. 
This procedure should be repeated on day 21 in culture (14 days post elicitation or mock 
elicitation with MJ). After day 21, the liquid suspension cultures should be disposed of following 
proper lab procedures. Figure 4.1 shows how the experiment with the addition of 5-azaC should 
be carried out. An experimental control should be conducted by not adding 5-azaC into the flask 
at day 0 for comparison. 
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Figure 4.1: 5-azaC experiment schematic with addition of 5-azaC on day 0 and start of sampling and elicitation on 
day 7. Control experiment will be performed for comparison to a culture without 5-azaC addition, with water as a 
vehicle control. 
 
Theoretical Results and Discussion 
5-azaC Impact on DNA Methylation 
We propose to study the effect 5-azaC on three new and three old cultures. We 
hypothesize 5-azaC to have a significant impact on the old cultures while demonstrating minimal 
impact on the new cultures. Figure 4.2 shows a theoretical graph of how global methylation 
levels change with respect to 5-azaC treatment and culture age based on our hypothesis. 
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Figure 4.2: Effect of 5-azaC treatment on selected new and old Taxus cell cultures. 
 
5-azaC Impact on Paclitaxel Production 
We also propose to determine the effect of 5-azaC on paclitaxel production for the same 
cultures. We hypothesize that the older cultures will be more affected than the newer cultures as 
they currently produce significantly lower levels of paclitaxel. Figure 4.3 shows the result of 
adding 5-azaC on paclitaxel production based on our hypothesis.  
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Figure 4.3: Effect of 5-azaC on paclitaxel production in selected new and old Taxus cell cultures. 
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Chapter 5: Overall Conclusions and Future Directions 
Conclusions 
This MQP established efficient methods for initiation and propagation of new Taxus cell 
cultures from yew tree sources. We have collected and prepared DNA and paclitaxel samples for 
10 cell lines (5 new and 5 old) with and without methyl jasmonate elicitation. Once the UPLC is 
functional these samples can be analyzed and our hypothesized results either confirmed or 
rejected. In addition, we have proposed experiments to investigate the additional of 5-azaC to 
Taxus subculture media to modulate the level of DNA methylation in cultures. The following 
sections highlight the conclusions of the chapters. 
 
Initiation and Maintenance 
The Taxus cell cultures should be initiated only during the spring to enable sampling of 
the new growth of the trees and to reduce the contamination by endophytic fungi and bacteria 
that are naturally present in the branches. In an additional effort to reduce overall contamination, 
explants should be plated on individual plates for the first month so that any potential 
contamination can be identified and discarded. The first month of growth has seen the most 
amount of contamination so plating the explants on individual plates will ensure that positively 
growing explants are not affected by contamination from other explants. 
In terms of most efficient media for initiation and propagation, our experiments 
demonstrated that media 2 and 4 have the best calli initiation percentage in the first three weeks 
with limited loss to contamination. On these media formulations, we observed calli initiation 
percentage >70% in both studies conducted. However, Taxus explants should only be plated on 
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these media types for the first month due to browning of the calli. Once Taxus cell cultures are 
initiated for the first month, cultures should be transferred to media 1 or T for subculture 
maintenance and promotion of calli growth. These media types have been successful for solid 
and liquid cell culture maintenance and are currently used by the Roberts laboratory. The Taxus 
cell cultures on solid media should be subcultured at least every month and every two weeks in 
liquid suspension. 
In addition, the 25 year-old Taxus cell cultures should be continued even though they do 
not produce detectable paclitaxel. These cultures should be used for experimentation in terms of 
global methylation levels over a long period of time. The Taxus cell cultures from 2016 and 2017 
experiments should be adopted as the main cell lines of the Roberts laboratory for further 
experimentation.  
 
Global DNA Methylation and Paclitaxel Production 
We were able to propose experiments that not only would examine and measure global 
methylation levels and paclitaxel production levels in old and new cell cultures, but also would 
implement a procedure to potentially minimize the effects of global methylation and increase 
paclitaxel production levels. Protocols were optimized for Taxus DNA extraction and 
degradation and for analyzing nucleotide standards and DNA samples on the UPLC. Although 
we were unable to obtain final results, we were able to design these protocols as well as generate 
samples for 10 different accessions which can be run on the UPLC when it is operational.  
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Future Directions 
First, we recommend analyzing all the samples from Chapter 3 to obtain data on global 
methylation levels and paclitaxel levels in both the old and new cultures. With these data, the 
experiments proposed in Chapter 4 should be completed with the addition of 5-azaC to determine 
the impact of the demethylating agent on the old and new cultures. 
This MQP focused on global DNA methylation, but future research should focus on 
methylation of specific genes encoding enzymes in the paclitaxel biosynthetic pathway. We 
advise using bisulfite sequencing to study gene specific methylation to understand the limiting 
reactions in the biosynthetic pathway
58
. Bisulfite sequencing will allow the determination of 
specific genes that are methylated, and RNA expression studies can be used to confirm these 
findings. Also, more focus could center on precursor accumulation, which could identify 
silenced biosynthetic enzymes in the pathway that are inhibiting completion of the paclitaxel 
pathway.  
In addition, 5-azaC is not the only known demethylation agent. Decitabine, a variant of 5-
azaC, and procaine are also known for their demethylation capability and have been used in 
cancer studies previously
59-60
. Although these demethylating agents have slightly different 
mechanisms than 5-azaC, it would be interesting to see how they can impact both global 
methylation and paclitaxel production in Taxus cell culture. We advise future research to recreate 
this report's experiments, but with other demethylation agents. 
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